Abstract This research is focused on the influence of silver nanoparticles (AgNPs) on the spinnability, morphology and wetting properties of electrospun polylactic acid (PLA) non-woven mats. PLA was electrospun from a chloroform solution (4.7 % g/g) and a filament and beads morphology was obtained, the filaments having an average diameter of 1.25 lm. Interestingly, water contact angle measurements showed a contact angle of h = 81°, an improvement relative to ascast film which exhibited a contact angle of h = 54°. When AgNP, of ca. 12 nm size, were incorporated at 1 % g/g relative to PLA weight, to the 4.7 % PLAchloroform solution, and electrospun, the filaments diameter was greatly reduced to an average of 0.65 lm, and the density of polymer beads was also reduced. It is believed that the electric conductivity of silver enhanced the spinnability of the polymer solution. Strikingly, water contact angle measurements showed that the PLA/AgNP mats exhibited an angle as high h = 134°. Increasing the solution concentration to 6.7 % g/g still produced a beads-and-filament morphology, but with larger filament diameters, probably due to an increase in solution viscosity. When AgNP were added (again at 1 % g/g relative to PLA weight), the occurrence of beads diminished and the average filament diameter decreased confirming the enhancement in spinnability by the AgNPs. Moreover, contact angles remained above 110°suggesting that the overall morphology is key to PLA's mats hydrophobic behavior and not only filament diameter. Finally, the non-woven mats were rather amorphous, as revealed by differential scanning calorimetry and X-ray
be deposited onto a substrate. The filaments diameters can range from nanometer to micrometer scale [18, 19] . Electrospinning occurs when the electrical forces at the surface of a polymer solution or melt overcome the surface tension and cause an electrically charged jet to be ejected. When the jet dries or solidifies, an electrically charged fiber remains. This charged fiber can be directed or accelerated by electrical forces and then collected in sheets or other useful geometrical forms [11] . Important factors in electrospinning processing are the applied voltage (V), the solution flow rate (Q), polymer concentration (c), polymer molecular weight ( " M w ), and nozzle-tocollector distance (H) [20] .
The application of electrospinning to polymers ranges from rayon, acrylic resins, polyolefins, polyamides, to polyesters [18] [19] [20] [21] . Regarding biodegradable and/or biocompatible polymers, electrospinning has been applied to collagen [22] , cellulose, [23] natural proteins [24] , chitosan, [25] poly(L-lactic acid) and composites [26] [27] [28] .
Furthermore, the applications of electrospinning processing are broad, such as reinforcements [29] , conducting polymer blends [30] , biocatalysts [31] and tissue engineering scaffolds [32] . In the field of biodegradable and/or biocompatible polymers, the applications of electrospinning processing range from bone tissue engineering [33] , to drug delivery [34] , immobilization of bioactive molecules [35] , filtration [36] , and vascular tissue regeneration [37] .
In this work, we have investigated the influence that the incorporation of AgNPs has on the electrospinnability of PLA dissolved in chloroform to form non-woven mats. Moreover, the microstructure, morphology, thermal, and surface properties of the mats thus produced are reported.
Experimental

Materials
Pellets of PLA were obtained from Nature Works LLC and used as-received. The chemical formula is shown in Fig. 1 . The molecular weight, " M w = 42,000 g/mol, was determined via intrinsic viscosity from dilute solutions in chloroform, at 30°C, and utilizing the corresponding Mark-Houwink coefficients [38] . Colloidal AgNPs of 12 nm average diameter were specially synthesized in our laboratory [39] by reacting Ag ? (salt) with BH 4 -as reducing agent utilizing an aqueous medium, the chemical reaction being as follows:
It was found that a combination of steric and ionic interactions was the best method to stabilize the colloidal dispersion, the stability spanned over 6 months [40] . The identity of silver colloids was confirmed by UV spectroscopy (vibration maximum at 423 nm) whereas the size and morphology were determined via transmission electron microscopy (TEM) [40] . A complete description of the synthesis of nanoparticles will be published elsewhere.
Electrospinning
Electrospun non-woven mats were prepared by the electrospinning technique from chloroform solution utilizing an in-house built instrument. The polymers were dissolved in chloroform (analytical grade, purchased from Sigma-Aldrich Chemicals) at 60°C under continuous gentle magnetic stirring. The PLA-chloroform solution concentrations were 4.7 and 6.7 % g/g and the applied voltage was 13 kV. Silver nanoparticles (AgNP) were added to the PLA-chloroform solution at 1 % g/g concentration, relative to PLA weight. The distance between needle and target (aluminum foil screen) was kept constant at 5 cm. Mats were electrospun for 2 h at a rate of 0.3 ml/h utilizing a NE-1000 Programmable Single Syringe Pump manufactured by NEW ERA Pump Systems Inc. A high-voltage source model CZE 1000R manufactured by Spellman High Voltage Electronics Corporation was utilized. The experimental setup is shown in Fig. 2 .
Thermal analysis
The thermal transitions were determined by differential scanning calorimetry (DSC) using the DSC6000 TM calorimeter (Perkin Elmer, Connecticut, USA). Temperature and enthalpy calibration were carried out using analytical grade indium (T m = 156.6°C). The thermal transitions were determined at a heating rate of 10°C/min.
Fourier transform infrared spectroscopy (FT-IR)
Fourier transformed infrared spectroscopy was carried out using the Nicolet iS10 manufactured by Thermo Scientific (USA). Scans were carried out at 4 cm -1 resolution using attenuated total reflectance (ATR) mode.
Scanning electron microscopy
The evaluation of the non-woven mats morphology was carried out utilizing scanning electron microscopy (SEM). A SEM model JEOL 6400 was used. The sample's surfaces were metal coated with Au/Pd by a sputtering procedure.
Wide-angle X-ray scattering (WAXS) Room temperature two-dimensional WAXS patterns were obtained using a Micro Star rotating anode generator with copper target manufactured by Brüker (Germany). A Mar345 dtb image plate with a resolution of 3,450 9 3,450 pixels and 100 lm/pixel was used. The sample-to-detector distance was set to 100 mm. An exposure time of 20 min was employed. The FIT2D program was used to azimuthally integrate the 2D patterns to yield plots of intensity as a function of diffraction angle°2h [41] .
Water contact angle
The hydrophobic behavior of the electrospun membranes was characterized by water contact angle between the mats and a water drop (sessile drop technique) using an in-house developed instrument [42] . A distilled water drop was placed on the non-woven mats using a Pasteur pipette. Drop images were acquired using a Leitz microscope equipped with a Moticam 350 digital camera. Contact angle, h, was determined using Motic software.
Results and discussion
The FTIR spectrum of a polymer in the fingerprint region (m \ 1,500 cm -1 ) is used to identify and characterize the material, since the observed peaks can be assigned to The general bands assignment for PLA ( Fig. 3a ) has been well documented by Kister et al. [43] . The strong IR bands at 2,997, 2,946 and 2,877 cm -1 are assigned to the CH stretching region -CH 3,asym , CH 3,sym , and CH modes). The C=O stretching region appears in IR spectra at about 1,759 cm -1 as a broad asymmetric band mainly due to A 1 and E active modes. The CH 3 is responsible for the appearance of the band at 1,456 cm -1 . The CH deformation and asymmetric bands appear at 1,382 and 1,365 cm -1 . Moreover, the CH bending modes result in the bands at 1,315 and 1,300 cm -1 . The C-O stretching modes of the ester groups appear at 1,225 cm -1 and the C-O-C asymmetric mode appears at 1,090 cm -1 . At 956 and 921 cm -1 are the bands characteristic of the helical backbone vibrations with the CH 3 rocking modes. At 871 and 756 cm -1 appear two bands that can be attributed to the amorphous and crystalline phases of PLA, respectively. In PLA(s), the C=O stretching mode is consequently sensitive to the morphology and the conformation. The splitting of the band observed at 1,768 and 1,749 cm -1 has been considered as resulting from the particular chiral unit enchainments generated by the pair addition mechanism, which governs the lactic acid ring opening polymerization. That is, the polymer is composed of the D and L isomers, i.e., it is a racemic mixture. This is also confirmed by inspecting the thermal transitions (see below). Moreover, inspection of the PLA spectrum (Fig. 3a) shows that they correspond to a predominantly amorphous PLA phase, as documented by Kister et al. [43] . This again, was further confirmed by DSC and X-ray scattering results shown below. The IR spectra of the non-woven mats ( Fig. 3b-d) exhibit the same vibration bands as the as-received PLA denoting no influence of AgNPs and electrospinning processing on PLA.
The thermal transitions were determined via DSC, Fig. 4 shows DSC heating (a) and cooling (b) scans of the as-received PLA. The heating scan (Fig. 4a ) exhibits a glass transition temperature at ca. T g = 63°C and a pronounced enthalpic relaxation peak followed by a cold crystallization exotherm at ca. T cc = 100°C, and then a melting endotherm at ca. T m = 151°C. The enthalpic relaxation is due to the different cooling and heating rates to which the sample was subjected and to the period of time where the sample was kept below the glass transition temperature (T g ), thus evolving to a lower energy content state. The value of the melting transition temperature also supports the hypothesis that the PLA sample consists of a racemic mixture, as it is reported that L-PLA exhibits a melting transition at 178°C, over 20°C higher than the melting transition of our sample. It has been reported that the presence of the D isomer is the cause for a significant depression of this transition temperature [1] .
Interestingly, the cooling scan (Fig. 4b ) exhibits a very small exothermic peak at about 109°C associated to the recrystallization of the molten material when solidifying. This behavior suggests a poor ability of PLA to recrystallize under cooling conditions. However, when re-heating the sample a cold crystallization exotherm is readily observed at ca. 100°C, thus producing significant crystallinity and a pronounced melting endotherm. The thermal transitions of as-cast and electrospun non-wovens are listed in Table 1 . The slow crystallization process of PLA has also been observed by other researchers as well as the increase of rate of crystallization induced by micro-and nanofillers [44] [45] [46] [47] .
The thermal transitions and recrystallization behavior were confirmed by hotstage polarized optical microscopy (POM). Figure 5 shows a series of polarized optical micrographs under heating conditions taking the material into the melt (up to 154°C, left column), and then cooling down to enable recrystallization (right Fig. 4 Differential scanning calorimetry scans of PLA as-cast film. a First heating scan, and b first cooling scan. The scans were carried out at 10°C/min, under dry nitrogen atmosphere column). First, at room temperature, 21°C, the as-cast film shows birefringence due to the presence of crystallinity, but the crystallite morphology is too small to be resolved by optical microscopy. However, on heating (left column micrographs) there is an increase in birefringence in the micrograph obtained at 110°C, that is, at the minimum of the exothermic peak for cold crystallization. Thus, the increase in birefringence suggests an increase in crystallinity. Note that this is consistent with the cold crystallization process as indicated by the DSC heating trace shown in Fig. 4a .
Then the sample was cooled down to enable crystallization. Figure 5 , right column, shows a series of POM micrographs cooling at 10°C/min. The results show that indeed at 109°C some crystalline entities appear in the field of view marking the beginning of crystallization. Under continuous cooling the crystalline entities continue growing, as shown by the micrograph at 85°C. However, by 71°C the field of view is full showing a saturated spherulitic morphology.
Figure 6a-c shows a series of SEM micrographs of electrospun non-woven mat of neat PLA, processed from a 4.7 % g/g solution. The results show a morphology of polymer filaments and beads, and the average filament diameter is 1.25 lm. Interestingly, water contact angle measurements showed that the water drop forms an angle of h = 81°with the mat, Fig. 6d . PLA is prone to absorb moisture [1] , as confirmed by water contact angle measurements on as-cast PLA film where h = 54°. Thus, the relatively high contact angle obtained from the electrospun mat is somehow unexpected.
SEM micrographs shown in Fig. 7a -c, demonstrate that once Ag nanoparticles were added to the 4.7 % g/g PLA-chloroform solution and electrospun, the morphology exhibited a diminution of polymer beads and the filament diameters were much reduced; on average, the filament's diameter was reduced to 0.65 lm (a 50 % reduction relative to the same solution concentration). The reduction of filament diameter is probably attributed to an increase of electrical conductivity of the polymer solution due to the presence of silver. Thus, it appears that the Ag nanoparticles enhanced the spinnability of the polymer solution. Strikingly, Fig. 7d shows that the water contact angle for the mat increased significantly, h = 134°, a nearly threefold increase relative to a water drop on as-cast PLA film (see below). Increasing the solution concentration of PLA up to 6.7 % showed polymer filaments and beads morphology but with a significant increase of filament diameter, Fig. 8a . The filament diameter averaged 2.43 lm, nearly a twofold increase relative to the 4.7 % solution. The increase in filament diameter may be due to the increase in viscosity at the higher polymer concentration. However, water contact angle measurements, Fig. 8b , showed that even at this larger filament diameter, the mat surface behaved predominantly hydrophobic, with h = 125°. Figure 9a shows that after adding Ag nanoparticles and electrospinning the PLA/ AgNP 6.7 %, the mat morphology exhibited a filamentous morphology, with a broad filament diameter distribution; on average, the filament diameter was 1.55 lm. It is also noted that instead of bead morphology, there appears regions of filaments welded by polymer film. Despite the reduction in filament diameter with respect to the PLA mat electrospun using the same processing parameters, the water contact angle slightly decreased to h = 112° (Fig. 9b) . These results are opposite to that observed for the mat obtained from PLA/AgNP 4.7 % where a reduction in filament diameter lead to an increase in water contact angle. Therefore, it is suggested that the filament diameter is not the only relevant factor to drive hydrophobic behavior in the non-woven mats. Research results in our laboratory on electrospun polyhydroxyalkanoates have shown that the degree of porosity correlates directly with water contact angle [48] .
As stated above, PLA is rather prone to attract water, and the water contact angle exhibited by a solution cast film is rather modest, h = 54°, as shown in Fig. 10 . Therefore, the rather large water contact angles exhibited by PLA when electrospun into non-woven mats are rather remarkable. The average filament diameters and contact angles for the non-woven mats are summarized in Table 2 .
The DSC results on as-cast PLA film shown above suggest a poor capability of PLA to crystallize under rapid cooling conditions. This is also applicable to electrospinning processing as the polymer is expelled from solution (a disordered and semi-dilute state) and then rapidly quenched on the collecting screen. Based on this rationale, DSC scans were carried out on all the electrospun mats, and the heating scans are shown in Fig. 11a . The results indeed show that all electrospun mats exhibit a cold crystallization exothermic peak around 100°C.
Furthermore, the microstructure of the electrospun mats and presence of AgNPs in the mats was investigated by wide-angle X-ray scattering (WAXS). Figure 11b shows WAXS intensity traces of the 4.7 % g/g mats and of the colloidal AgNPs.
The WAXS trace of PLA 4.7 % g/g mat (trace i, Fig. 11b ) exhibits mostly an amorphous halo with very weak crystalline reflections at 16.2°2h (small shoulder) 17.5°2h, 20.5°2h (shoulder), 21.7°2h, 23.2°2h, 25°2h (shoulder), and 29.4°2h. The very low crystalline phase present in the PLA mats is consistent with the FTIR results discussed above (Fig. 3) and the cold crystallization effect observed by DSC results (Fig. 10) .
On the other hand, the WAXS trace of PLA-nAg 4.7 % g/g (trace ii, Fig. 11b ) also exhibits a broad amorphous halo and weak crystalline reflections at 16.8°2h, 19°2h (shoulder), 20.4°2h, 21.6°2h (shoulder), 23°2h, 24.8°2h, 27.9°2h, 28.3°2h, and 29.4°2h. Moreover, there are weak crystalline reflections at 36°2h, 38.4°2h, 39.4°2h, 43°2h, 47.6°2h, and 48.6°2h which are the signature of AgNPs (indexed as 111 and 200) and AgO [49, 50] . That is, X-ray scattering trace shows that the AgNPs are indeed present in the electrospun PLA nanofibers. Finally, note that colloidal silver exhibits only an amorphous halo at 18.3°2h (trace iii, Fig. 11b) . Krouse et al. [51] showed that the isomers D and L, exhibit the same characteristic reflections, whereas a physical mixture of both isomers exhibit reflections at different angles, depending on the isomers concentration in the mixture. The observed reflections at about 16°2h, 21°2h, 22.5°2h, and 24°2h coincide with those reported by Krouse et al. [51] . Therefore, the results of this investigation have shown that the electrospun processing induces significant hydrophobic behavior in an otherwise hydrophilic PLA polymer. Moreover, the addition of AgNPs at lower PLA-chloroform concentrations enhances the solution spinnability thus favoring smaller diameter of the filaments. Furthermore, the hydrophobic behavior of the PLA non-woven mats would appear ideal for bacteria growth inhibition as well as increasing the mats lifetime. 
Conclusions
Electrospun non-woven mats of PLA and PLA with colloidal AgNPs have been produced under different electrospinning conditions. It has been found that the fibers composing the mats are of micron-scale diameter and exhibit a predominantly amorphous structure. It has also been shown that increasing the solution concentration used in the electrospinning process increases the average fiber diameter. Incorporation of Ag nanoparticles (AgNP) is additionally found to influence the mat morphology by decreasing the average filament diameter and reducing the density of the beads. A remarkable hydrophobic behavior is found for PLA and PLA/AgNP membranes (81°B h B 134°), as compared to the PLA solution cast film (h = 54°). This, together with the antimicrobial activity of AgNPs, opens the route for the development of PLA materials for biomedical applications. The appropriate selection of the conditions of electrospinning can allow tuning the hydrophobicity of PLA by means of a control of the mat morphology. In turn, this would not only allow regulating the degradation of PLA via hydrolysis but it is also expected to be helpful in the inhibition of bacteria growth.
